INTRODUCTION
Sepsis has been a challenge to humans and its incidence has steadily increased in recent years. 1, 2 Bacterial infection can drastically reduce plasma iron levels 3 as the pathogen seeks iron for growth and pathogenicity. 4 Thus, the host and pathogen seem to have co-evolved countermeasures -the former retains its iron [5] [6] [7] whilst the latter has developed ways to compete for the host's iron. To achieve an iron-free physiological environment, mammals employ iron-binding proteins to reduce the level of extracellular iron to around 10 -18 M so as to stall bacterial growth. 8, 9 At least two classes of iron-binding proteinsferritin and transferrin -are present across phyla. 10 Recently, lactoferrin and conalbumin were shown to block biofilm formation of Pseudomonas aeruginosa through iron chelation, hence preventing recalcitrant bacteria from forming squatters. 11 As an important iron sequestration protein, ferritin has been extensively investigated, showing pivotal roles in iron storage and detoxification. The mammalian ferritin complex consists of 24 subunits, each containing heavy (H) and light (L) chains in different ratios. The composition of the complex varies in different tissues and under various physiological conditions. 12 In the vertebrates, ferritin is mainly intracellular although trace levels of plasma ferritin can be found in nanogram per millilitre quantities. Vertebrate ferritin has been indirectly linked to innate immune response since its synthesis is regulated by proinflammatory cytokines at both the transcriptional and translational levels. [13] [14] [15] [16] In vertebrates, the major extracellular iron-binding proteins, however, are transferrins. 17 The source and nature of the trace level of plasma ferritin remains ill-defined in spite of the presence of glycosylation that indicates a potential secretion of ferritin. Direct release of cellular ferritin from damaged cell membranes has also been proposed. 18 During infection, it is speculated that plasma ferritin scavenges and helps detoxify Fe 2+ leaked from damaged cells. 19, 20 The only evidence for secretion of ferritin has been shown in rat hepatoma cells, where it is regulated by inflammatory cytokines and iron. Conditions such as cancer, inflammation or infection can acutely increase the ferritin level. 21 In contrast, invertebrates harbour microgram per millilitre of extracellular ferritin. 22, 23 Until now, research on insect ferritins has focused on their purification, cloning and characterization in iron homeostasis, neglecting the implications in innate immune defence against infection. As a major iron-binding protein, it is conceivable that plasma ferritin is a rich nutrient resource and it would be an obvious target for bacteria to 'pirate' iron from.
To demonstrate the involvement of plasma ferritin in innate immune defence, we developed a Gram-negative infection model in a horseshoe crab, Carcinoscorpius rotundicauda, to monitor its gene regulation during Pseudomonas infection. Interestingly, the total plasma iron level of the uninfected horseshoe crab is ~40 µg/ml which is at least 8-10-fold higher than that in human serum (3-5 µg/ml) and this necessitates a much tighter control of iron bioavailability during pathogen invasion. The uninfected plasma ferritin complex is made up of 21 kDa subunits. By degenerate RT-PCR, we show that one of the C. rotundicauda ferritin genes (CrFer-H1) contains a secretory signal, and codes for at least 2 transcripts. On the other hand, another ferritin gene (CrFer-H2) apparently does not encode any plasma ferritin. However, both CrFer-H cDNAs contain the iron-response element (IRE) suggesting that they are post-transcriptionally regulated by iron. Northern blot analysis revealed that CrFer-H is ubiquitously expressed and is highly induced by lipopolysaccharide (LPS). Based on the high plasma iron level in the horseshoe crab and our finding that ferritin exists in microgram per millilitre concentrations, we propose that plasma ferritin is the main iron-binding protein in the horseshoe crab and it contributes to the powerful innate immune defence against Pseudomonas infection. This study also highlights the value of the horseshoe crab as a model organism for research on innate immune response during Gram-negative infection and septicaemia. The horseshoe crab possesses a powerful coagulation cascade and an arsenal of antimicrobial peptides for defence against micro-organisms. However, the ironwithholding strategy as an innate immune defence in the horseshoe crab provokes more in-depth investigation.
MATERIALS AND METHODS

Materials
Horseshoe crabs, C. rotundicauda, were collected from Kranji estuary, Singapore. They were acclimatized overnight. P. aeruginosa, ATCC 27853, cells were cultured in tryptone soy broth (Difco, Detroit, MI, USA). LPS, from Escherichia coli O55:B5, was a product from Sigma. Unless otherwise stated, all molecular biology grade chemicals were from Sigma.
Infection and preparation of cell-free plasma
The infection and preparation of plasma was performed as described by Wang et al. 24 Horseshoe crabs were intracardially administered with one of the following: (i) a sublethal dose of 1 x 10 6 cfu of P. aeruginosa; 25 (ii) 10 µg of LPS per kg body weight; or (iii) 200 µl of 0.05 M FeSO 4 .7H 2 O. Plasma was collected from the horseshoe crab after various time points (3, 6, 12, 24, 48 , 72 h) of infection. As negative control, untreated and salineinjected horseshoe crab was employed. A 3-h time-point was chosen to compare the effects of LPS and iron on the induction of the ferritin gene during the acute phase. The resulting plasma was used for further analyses.
Purification and resolution of plasma ferritin
Naïve plasma from the horseshoe crab was subjected to differential density ultracentrifugation in KBr using modifications of the methods of Kim et al. 26 and Dunkov et al. 27 The resulting colourless protein mixture was concentrated 100 times using Microcon YM-30 (Millipore). After addition of SDS and glycerol to final concentrations of 1% and 10%, respectively, to the partially purified ferritin, it was resolved on SDS-PAGE (6%) under non-reducing conditions to identify the ferritin complex. Ferritins from various organisms are SDS-resistant. 22, 23 Thus, addition of SDS into the protein sample facilitates the disruption of other high molecular weight complexes into their subunits, without affecting the ferritin complex. The band-of-interest was stained with Prussian blue (1% w/v potassium ferrocyanide in 0.1 M HCl). The protein band was excised and transferred into a benzoylated dialysis tubing (Sigma-Aldrich, average flat width 32 mm). Five millilitres of 0.375 M Tris-HCl, pH 8.8, was added and the protein was eluted and concentrated with 5 volumes of acetone, boiled for 5 min and resolved in SDS-PAGE.
Edman degradation
To determine the N-terminal sequence, the partially purified proteins were transferred to a PVDF membrane. The band-of-interest was excised and subjected to Edman degradation using an ABI Procise 494 Protein Sequencer.
Mass spectrometric analysis of proteins
The enriched plasma ferritin was stained with Coomassie Blue and excised. The gel pieces were washed with 50 mM NH 4 HCO 3 /50% acetonitrile (v/v) and dehydrated with acetonitrile. The protein was then reduced with 10 mM DTT in 100 mM NH 4 HCO 3 at 57°C for 1 h, and S-alkylated with 55 mM iodoacetamide in 100 mM NH 4 HCO 3 at room temperature for 1 h. In-gel digestion was carried out for 15 h with 12.5 ng/ml of trypsin at 37°C. The digested protein fragments were extracted from the gel with 20 mM NH 4 HCO 3 , followed by treatment with 5% formic acid in 50% aqueous acetonitrile and finally with 100% acetonitrile. The protein was dried and analysed by MALDI-TOF and ES-Q-TOF (Q-TOF™ 2, Micromass). The peptide mass fingerprint (pmf) of the digested protein and raw MS/MS data from ES-Q-TOF were analysed by Mascot (<http://www.matrixscience.com>) against the MSDB (Mass Spectrometry protein sequence Database). Peptide sequences obtained by manual sequencing using ES-Q-TOF was analysed by MS-BLAST using Bork Group's Advanced BLAST2 Search Service at EMBL (<http://dove.embl-heidelberg.de/Blast2/msblast.htm>) against the Swissprot database.
Cloning of horseshoe crab ferritin cDNA
Two C. rotundicauda ferritin cDNAs (CrFer-H1 and CrFer-H2) were cloned. Degenerate primers were designed from the N-terminal sequence, VQYD-NDMKEP, and two internal peptide fragments, LIDYVNQR and DGLEALEDAMNLER. The cardiac total RNA was isolated by TRIZOL™ (Invitrogen). The plasma ferritin gene (CrFer-H1) was amplified from the cardiac cDNA using primers: NpFer: 5′-TAYGAYAAY-GAYATGAARGARCC-3′, RevpFer1: 5′-CGYTGYT-TNACRTAATCAATTAG-3′ and RevpFer2: 5′-TCNARRTTCATAGCRTCYTC-3′.
After PCR amplification, two products of 240 bp and 340 bp were cloned into pGEM-T Easy vector (Promega) and sequenced. The 5′-and 3′-ends of CrFer-H were isolated by 5′-and 3′-RACE using SMART™ RACE cDNA Amplification Kit (Clontech). A 5′-RACE primer, 5RacepFer: 5′-TTGGCAAAACCCTTCCTGCCGACA-GAGT-3′ was designed to obtain the 5′ UTR of CrFer-H1. The remaining part of CrFer-H1 including its 3′ UTR, was obtained by performing a 3′-RACE with 3RacepFer: 5′-ATACTCTTTGGACGACCGATGCAT-CAAC-3′ and a nested 3′-RACE primer, 3RacenestedpFer: 5′-TATACATGAACATGGCGGCTCACTTTGG-3′.
A cDNA clone of 600 bp, coding for ferritin-H, was isolated from a naïve cardiac cDNA library of the horseshoe crab. This clone, referred to as CrFer-H2, shows high homology to ferritin H chain polypeptide 1 from Branchiostoma lanceolatum (e-value of 3e -13 ) and contains the 3′ fragment of the horseshoe crab ferritin heavy chain. The 5′ end of CrFer-H2 was isolated by 5′-RACE using the cardiac total RNA. Using SMART™ RACE cDNA Amplification Kit (Clontech), the 5′ fragment was obtained using the primer, 5RaceCrFer: 5′-CCCATTCCATCATTCATAGCGCCAAGCT-3′.
Northern analysis of the ferritin gene
The tissue distribution of CrFer-H gene expression was examined in the haemocytes, hepatopancreas, heart, intestines, muscle and stomach, which were procured from either unchallenged (naïve) or FeSO 4 -or LPS-challenged horseshoe crabs. Ten micrograms of total RNA was electrophoresed and hybridized at 65°C with the [α-32 P]labelled 3′-RACE fragment (~850 bp) of CrFer-H2. The membranes were washed for three cycles of 15-min each at 42°C in 2x SSC/0.1% SDS at room temperature, 1x SSC/0.1% SDS at 37°C and lastly, 0.2x SSC/0.1% SDS, and exposed to Kodak films at -70°C.
Homology modelling methods
The predicted three-dimensional structure of CrFer-H1 and -H2 were homology modelled using SWISS-MODEL (<http://swissmodel.expasy.org/>). The search for an appropriate template of at least 40% homology (evalue of 10 -3 ) was performed via a BLASTP programme. Next, the output sequence identity was checked against the target followed by ProModII jobs. ProModII was also used to generate models and the final predicted structure was produced after energy minimization was calculated using Gromos96.
RESULTS
Horseshoe crab plasma ferritin complex is made up of subunits of 21 kDa
In the native state, the partially purified plasma ferritin complex exists as monomer and dimer with an apparent molecular mass higher than that of horse ferritin (Fig. 1A ). Both Prussian blue stained bands gave a single 21-kDa band on reducing SDS-PAGE ( Fig. 1B) . Thus, the horseshoe crab plasma ferritin complex comprises 21-kDa subunits which cross-reacted with Manduca sexta anti-ferritin antibody (Fig. 1B, lane 6) . MS-BLAST using the N-terminal sequence, VQYDNDMKEP (Fig. 1C) , and the peptide fragments, LIDYVNQR, DGLEALEDAMNLER and 1D ) further confirmed that the 21-kDa species is a ferritin protein, with highest homology to Lymst yolk ferritin precursor (SwissProt P42578). To investigate the regulation of plasma ferritin level during bacterial challenge, Western analyses using M. sexta anti-ferritin antibody were performed. There was a 4-fold increase in the plasma ferritin at 3 hpi, after which it completely disappeared between 6-48 hpi, and was only detected again at 72 hpi (Fig. 1E) . The plasma ferritin level was also up-regulated ~2-fold by iron loading for 3 h.
Plasma ferritin is encoded by CrFer-H1 that is transcribed into 2 different transcripts
To examine the regulation of the plasma ferritin, the corresponding gene was cloned from the cDNAs of naïve cardiac tissue. Interestingly, two cDNAs with identical sequence, but coding for different transcript lengths were obtained ( Fig. 2A) , henceforth designated CrFer-H1a and -H1b. The deduced amino acid sequence of CrFer-H1 shows high identity to ferritin from Branchiostoma belcheri tsingtaunese (e value of 10 -36 ). Protein sequencing shows that CrFer-H1 contains the experimentally derived N-terminal sequence and has matches to two out of the three peptide fragments from MS analysis. The full-length cDNAs of CrFer-H1a and -H1b (GenBank Accession AY691511 and AY691509) are ~1025 bp and 1197 bp, respectively. Both transcripts share a 5′ UTR of 231 bp followed by an ORF of 606 bp. However, they differ in their 3′ UTRs; CrFer-H1a has only 188 bp of 3′ UTR, while that of CrFer-H1b spans 359 bp ( Fig. 2A) . Using the 3′ fragment of 650 bp of a ferritin homologue, another potentially secreted ferritin isoform, designated as CrFer-H2, was cloned (Fig. 2B) . The full-length CrFer-H2 cDNA (GenBank Accession AY691510) of 1159 bp, contains a 5′ UTR of 220 bp followed by an ORF of 612 bp. It is flanked by a 3′ UTR of 327 bp containing three putative polyadenylation sites [A(T/A)TAAA]. CrFer-H2 encodes a protein of 204 amino acids with a 22 amino acid signal peptide (MAAMMGKSLVLLVLTFFSTIET), which is cleaved to produce a mature polypeptide of 182 amino acids with a predicted mass of 21 kDa and an estimated pI of 5.70. The mature polypeptide is also predicted to contain at least 7 potential Ser-and Tyr-phosphorylation sites (Fig. 2B) .
Common features of the three ferritin cDNAs (CrFer-H1a, CrFer-H1b and CrFer-H2)
There are multiple AU-rich motifs (TATT or ATTTA) in the 3′ UTRs of CrFer-H1 and CrFer-H2 ( Fig. 2A,B) . These sequences are present in many short-lived mRNAs such as oncogenes and cytokine mRNAs, and they regulate the half-life of a transcript. [28] [29] [30] Like ferritin mRNAs from various organisms, the horseshoe crab ferritin genes contain a putative IRE with the consensus sequence CAGTGN and a 'C' at 6 nt upstream of this IRE loop in the 5′ UTR (Fig. 3A) . Using Genebee 31 and RNAfold, 32 the IRE of all three ferritin cDNAs was also predicted to fold into a typical stem-loop structure for the binding of IRE-binding proteins under iron-depleted conditions (Fig. 3B ). Homology modelling software predicted CrFer-H1 and -H2 to possess the typical structure of ferritins, with one short and four long α-helices (Fig. 4A ).
However, it appears that the N-terminal of CrFer-H2 is longer than that of CrFer-H1 and that it forms a loop which is located at the centre of the four α-helices. The loop and other non-helical regions have been reported to be of special importance in maintaining subunit and shell stability, and the N-terminus participates in several intra-subunit bonds which link to the first three helices. 33 Phylogenetic analysis revealed that both ferritin cDNAs are clustered with secreted ferritin from Drosophila, Aedes mosquito, Manduca sexta and Lymst yolk ferritin (Fig. 4B ). To date, reports have documented that vertebrate ferritin genes do not have secretory signals and are mainly intracellular. The invertebrate ferritins are more divergent than the vertebrate ferritins. Sequence alignment of CrFer-H1 and -H2 shows that they share ~72% identity. Similar to ferritin-H from other organisms, the critical residues for ferroxidase activity are present in CrFer-H1 and -H2 (Fig. 4C ). In the vertebrate ferritin-H, the ferroxidase centre is made up of Tyr25, Tyr28, and Tyr30, and the polynuclear Fe-complex formation involves Glu58 and His61. 34, 35 
Isoforms of plasma ferritin
Protein sequencing revealed that the purified 21-kDa protein band possesses an N-terminal sequence, VQYD-NDMKEP (Fig. 1C ), and at least 3 peptide fragments, LIDYVNQR, DGLEALEDAMNLER and GLEPSED-PGNLER ( Fig. 1D ). Alignment of the deduced protein sequences of CrFer-H1 and -H2 revealed that only the experimentally obtained N-terminal sequence and the peptide fragment, DGLEALEDAMNLER, can be found in the CrFer-H1 but not CrFer-H2 (Fig. 5 ). On the other hand, the experimentally obtained peptide fragments, LIDYVNQR and GLEPSEDPGNLER, do not match the deduced protein sequence of CrFer-H1 and -H2 completely. These differences likely suggest the existence of isoferritins in the horseshoe crab plasma.
LPS up-regulates ferritin transcription during Pseudomonas infection
High similarity of ~70% at the DNA level, between CrFer-H1 and -H2 indicates that the expression of these genes would not be distinguishable by our Northern analysis. To understand the regulation of expression of the ferritin gene during infection, CrFer-H transcript levels were monitored during LPS and P. aeruginosa challenge. The basal level of the 1-kb CrFer-H transcript is detectable in naïve hepatopancreas, muscle and stomach (Fig. 6A) . The expression is most prominent in the heart and intestine. In contrast, haemocytes do not express the CrFer-H gene. When challenged for 3 h with LPS, the CrFer-H gene is up-regulated in the hepatopancreas, heart, intestine, muscles and stomach by 22-, 12-, 37-, 19-and 40fold, respectively (Fig. 6B ). However, iron-loading did not result in any significant change in the transcription of CrFer-H in all tissues (Fig. 6B ). When infected with P. aeruginosa, the 1-kb transcript was induced at 6 hpi in the hepatopancreas, after which there was no significant change until 72 hpi (Fig. 7A,B ). Both CrFer-H transcripts expressed in the heart increased gradually over the 72 h of infection. In the stomach only the 1.2-kb transcript was induced at 6 and 24 hpi. Interestingly, the intestine did not show significant up-regulation in the ferritin gene. It is likely that the 1.2-kb and 1-kb transcripts of CrFer-H, which were detected in the heart and stomach tissues, are generated by tissue-specific choice of two out of the four possible polyadenylation sites in the CrFer-H2 gene (Fig.  2B) . This possibility is supported by the observation of alternative splicing and multiple polyadenylation sites in the Drosophila 35 ferritin gene, which also yielded various sizes of ferritin transcripts.
DISCUSSION
This work has demonstrated that ferritin exist in the plasma of the horseshoe crab, an arthropod that has been in continuous existence for 550 million years. 36 It is known that the increase in ferritin synthesis precedes hypoferremia, thus the increased iron binding by ferritin is the mechanism responsible for the reduction in iron output from the reticulo-endothelial cell. 7 Here, we report a preliminary, albeit interesting, observation that the plasma iron concentration of the horseshoe crab appears constant (no hypoferremia, unpublished) during Pseudomonas infection even when there were fluctuations in the plasma ferritin. The extremely high concentration of iron in the horseshoe crab plasma probably necessitates the presence of high levels of plasma ferritin, in microgram per millilitre concentration as compared to their vertebrate counterpart which is at nanogram per millilitre. Such a high level of plasma ferritin in the horseshoe crab would ensure the stable sequestration of plasma iron, hence depriving the invading microbe from free iron.
In vertebrates, there appears to be structural differences between cytosolic and serum ferritin. Linder et al. 20 have purified horse serum ferritin and compared it against horse spleen ferritin. In contrast to intracellular ferritin complexes that are usually composed of 24 ferritin subunits of varying composition of H-(21 kDa) and L-chains (17 kDa), they reported that serum ferritin consists of more than 1 type of subunit (predominantly Lchain and also an M-chain) and all these subunits were larger than those of intracellular ferritins. The iron content of serum ferritin was also much lower than that of cytosolic ferritin. In contrast, there seems to be no clear structural difference between the cytosolic and secreted forms of invertebrate ferritin, although there is a diversity of ferritin subunits. For example, Calpodes harbours 2 isoforms of cytosolic ferritin of pI 6.5-7, composed largely of 24-and 31-kDa subunits and a smaller amount of 26-and 28-kDa subunits. 37 In Manduca, the haemolymph ferritin is made up mainly of 24-and 30-kDa subunits, and lesser of 28-and 32-kDa subunits. 22 Interestingly, the horseshoe crab plasma ferritin consists solely of 21-kDa subunits. However, the diversity of ferritin subunits in invertebrates, probably for the formation of the heteropolymers, is not compromised in the horseshoe crab since isoferritin of 21-kDa exists in its plasma. In fact, on 2-D gel electrophoresis, the uninfected and infected plasma ferritins were shown to consist of 3 and 5 isoforms, respectively (unpublished data). Thus, more effort would be needed to develop a better understanding of the function of the individual invertebrate isoferritins.
The purification procedure employed in this study has also yielded some insights into the properties of the horseshoe crab plasma ferritin. First, due to its rich iron content, the horseshoe crab plasma ferritin has a high density. Second, it is resistant to both SDS treatment and to heat denaturation at 75°C. Third, it is a large molecule of > 440 kDa, made up of 21-kDa subunits. Indeed, these properties are common as they have also been found in the cytosolic ferritin of Calpodes ethlius, 37 freshwater crayfish, 38 and the haemolymph ferritin of Manduca 22 and Musca domestica. 23 Ferritins have also been reported to be resistant to urea and proteinase K. 22, 23, 36, 37 These unique properties may ensure that ferritin is able to function in various cellular compartments and under different physiological conditions.
In the horseshoe crab, CrFer-H is ubiquitously expressed, with highest levels in the heart and intestine.
In contrast, the M. sexta ferritin transcript is expressed in the midgut, fat body and haemocytes, with highest level in the midgut. 39 When challenged for 3 h with LPS, the CrFer-H gene shows dramatic up-regulation in the hepatopancreas, heart, intestine, muscles and stomach and this may be an immediate response of the host to synthesize more CrFer-H transcripts, which may serve as a reservoir for the instantaneous synthesis of new ferritin proteins. Alternative splicing, regulated degradation of transcript via multiple AU-rich motifs, and the IRE may ensure that the level of CrFer-H is fine-tuned for maximal activity under various physiological processes. In contrast to A. aegypti ferritin subunits, which increase upon excess iron intake, 27 the horseshoe crab CrFer-H is not up-regulated when challenged with iron. This demonstrates the diverse means by which ferritin expression is regulated in various organisms depending on the iron content of their diet.
Recently, a novel role of ferritin in nuclear protection has been suggested, 40 in which ferritin was found to enter the nucleus via active transport through the nuclear pore without the need for nuclear localization signalbearing cytosolic factors for transport. Surguladze et al. 41 also demonstrated the importance of the ferroxidase sites of the ferritin heavy chain for direct DNA binding, suggestive of a new important role of ferritin in the protection of host cell genome by preventing DNA nicking due to free radical effects caused by free iron in the nucleus. Parallel to these studies, our observation of the absence of plasma ferritin from 6-48 hpi was highly reproducible (Fig. 1E ), suggesting that the plasma ferritin had undergone a change in localization from the extracellular to the intracellular compartment. The low count of bacteria at 3 hpi and its complete clearance by 18 hpi 25 strongly disfavour the possibility that the disappearance of plasma ferritin between 6-48 hpi was due to degradation by P. aeruginosa. Furthermore, the ferritin was actively transcribed (Fig. 7) during this period, suggesting that the ferritin protein would have been synthesized. In fact, Mach et al. 42 have reported the detection and isolation of a hepatic membrane ferritin receptor and it would be interesting in future, to investigate the existence of such a receptor in the horseshoe crab. We have preliminary data (unpublished) to suggest that the naïve but not the infected form of ferritin can bind to DNA. Taken together, it is tempting to speculate that upon infection, the ferritin complex translocates from the cytoplasm into the nucleus and binds the DNA.
Recently, plasma ferritin in Drosophila is shown to be up-regulated upon blood coagulation. 43 This observation might provide the clue that bridges the coagulation cascade and iron-withholding strategies in invertebrates. Pham et al. 44 have also identified ferritin heavy chain as an important mediator of the antioxidant and protective activities of NF-κB. By sequestering iron, the accumulation of the reactive oxygen species is suppressed, and this appears to be the mechanism by which ferritin heavy chain inhibits JNK signalling. Thus, modulation of the ferritin heavy chain or iron metabolism may be a potential approach for anti-inflammation therapy.
Whereas human, horse and rat plasma ferritins have been isolated, no corresponding gene sequence have been reported. 20, 45 The rat and human genome sequences do not contain ferritin-H and -L gene homologues that may encode secretory ferritin. This casts doubts on the origin of plasma ferritin in higher vertebrates. Is it secreted or released during cell damage/lysis? Is there any functional difference between the plasma and cytosolic ferritin? Do isoferritins play differential roles during the course of infection? Is plasma ferritin shuttled into specific cells during infection and, if so, what is its subsequent fate or function? As iron is a 'double-edged sword' (being an important metal ion for various physiological processes of the host and yet a potential hazard if pirated by the invading pathogen), its regulation requires the finely-orchestrated co-operation of numerous molecules in iron homeostasis. Future work will focus on the characterization of a ferritin receptor and the downstream functions of plasma ferritin during infection. A detailed examination of the invertebrate's iron-withholding and anti-inflammation strategy will shed light on the enigma of their vertebrate counterparts.
